Nanocrystalline Fe-W composite is synthesized through the reduction of iron oxide/tungsten oxide (Fe 2 O 3 /WO 3 ) mixture with pure hydrogen gas at 700-1000 C. AR grade Fe 2 O 3 and WO 3 powders were mixed thoroughly in ball mill and compacted. The dried compacts were isothermally reduced in pure hydrogen at 700, 800, 900 and 1000 C. Based on thermogravimetric analysis, the reduction behavior and kinetics reaction mechanism were studied. The initial oxides mixture and the various reduction products were characterized by XRD, SEM, VSM and reflected light microscope to reveal the effect of hydrogen reduction on microstructure, magnetic properties and reaction kinetics of produced Fe-W composite. Complete reduction was achieved with the synthesis of nanocrystalline (36.3 nm) homogenous Fe-W composite. Arrhenius equation with the approved mathematical formulations for the gas solid reaction was applied for the calculation of the activation energy values and detecting the controlling reaction mechanism.
Introduction
Demanding high temperature applications in aerospace propulsion and energy production continue to rely on tungsten and it's composite and alloy. In addition to its high temperature capabilities, tungsten also is commercially important for applications that rely on its high density, strength and elastic modulus. Also it is used as alloying element in tool steel and super-alloys. 1) Superalloys are iron based alloys with high contents of tungsten. Their important properties are: high-temperature strength, high creep strength at high temperature, high thermal fatigue resistance, good oxidation resistance, excellent hot corrosion resistance, air melting capability, good welding properties and ease of casting. Also, Tungsten heavy alloys (WHAs) are two-phase metal-matrix composites having unique combinations of strength, ductility and density used for kinetic energy penetrators, counter weights, radiation shields and electrical contacts. 2, 3) Tungsten forms alloys with iron group metals and retains functional properties (mechanical, magnetic, etc.) even at elevated temperature. Hence, these alloys find wide spread applications in industrial sector. 4) In recent years, tungstenbased composite has received considerable attention for both scientific and military applications because of its excellent resistance and great ductility. As a result, some studies have been carried out to evaluate and discuss its properties. 5) Various techniques are used for synthesis of Fe-W composite such as electroplating, 6, 7) Mechanical alloying, 2, 8) the persistent liquid phase sintering, 3) Electrodeposition 4) and lowpressure laser spraying (LPLS). 9) Generally, ball milling of metal oxide powders and a subsequent hydrogen reduction has been suggested to prepare composite powders. 10, 11) This process makes the synthesis of nano-sized composite powders with homogenous mixing possible. In addition, such powders show an improved sinterability compared with micro-sized powder mixtures, because of decreased particle size. In this regard, many investigations have been performed to prepare and consolidate nano-sized composite powders. [10] [11] [12] [13] Namely it has been reported that the homogeneous W-Cu nanocomposite powder can be fabricated by the hydrogen reduction of ball-milled WO 3 -CuO powders.
14-16) However, very rare studies handled the synthesis of Fe-W composite by gaseous reduction of their mixed oxides. Also there has been reported few details of the effects of processing factors such as hydrogen-reduction condition on the final microstructure and how it can be effective in detecting the reaction controlling mechanism. So in the present investigation the gaseous reduction kinetics and mechanism of ball mixed Fe 2 O 3 /WO 3 is handled. The effect of reduction conditions on the microstructure, magnetic properties and reaction kinetics of produced Fe-W composite is also investigated.
Experimental
Molar ratios 1:1 of very fine (1 mm) analytical reagent grade tungsten oxides and ferric oxide were well mixed in agate mortar and by dry ball milling for 6 h. Equal mass of mixed powders were compressed into compacts of about 1.5 g weight, 7 mm diameter and 3 mm thickness. The prepared compacts were dried at 105 C for 24 hrs. The dried compacts were reduced at 700, 800, 900 and 1000 C in constant flowing hydrogen gas atmosphere (100% H 2 ). The course of reduction was followed up thermogravimetrically by means of a mass loss method using an automatic sensitive balance equipped with the vertical tube furnace. The reduction extent is calculated as follow; % reduction ¼ ð½mass of O 2 removed at a given time
So the reduction extent was correlated to the total removable oxygen of both tungsten and iron oxides.
A gas purification system was used to obtain 99.99% purity hydrogen gas. The reduction assembly and gas flow system used in this study were previously mentioned.
17) The dried powder and the reduced products were identified and characterized by X-ray phase analysis technique (XRD, High power X-ray Diffractometer System, Rigaku D/MAX-2500/ PC, ¼ 0:154056 nm [Cu/K-alpha 1]), High Resolution Field Emission scanning electron microscope (FE-SEM, Hitachi S4800), optical microscope (Olympus PMG3) and vibrating sample magnetometer (VSM-5-10 TOEI industry co., LTD).
In each experiment, after the furnace was heated up to the required temperature, the reducing gas was passed after flashing with Ar gas. The dried compact was put inside a basket to be hanged in the balance and adjusted in the middle zone of the tube furnace. The reacted compact was kept in the reducing atmosphere till a constant mass was achieved. For cooling, the reducing gas was replaced by Ar and the reduced sample was pulled up at the upper part of the reaction tube and kept away from the hot zone. After the temperature became below 200 C, the reduced compact was quenched in pure acetone.
Results and Discussion

Characterization of the mixed powders
AR grade Fe 2 O 3 and WO 3 powder was mixed thoroughly in ball mill. The dried mixed WO 3 and Fe 2 O 3 powder was examined by X-ray phase analysis whereas only the pure oxides peaks were detected to confirm the absence of any change in the phases after ball mill mixing and drying effect as shown in Fig. 1 .
The SEM examination for dried mixed powder of WO 3 and Fe 2 O 3 oxides is shown in Fig. 2(a) and (b). It was observed that the oxides powder have grain size range 100-400 nm with irregular crystalline shape structure.
Reduction behavior
The dried compacts (Fe 2 O 3 /WO 3 ) were isothermally reduced in pure hydrogen at 700, 800, 900 and 1000 C. The effect of reaction temperature on the reduction rate is shown in Fig. 3 . It can be seen that for each reduction curve, the rate of reduction was highest at early stage and gradually decreased with time till the end of experiment. The reduction rate increased as the reduction temperature increased either in the initial or final reaction stages. The correlation between the reduction rate (dr/dt) at both initial (0-25% reduction extent) and final (60-85% reduction extent) stages and the reduction temperature are shown in Fig. 4 . These Figures are clarifying the increasing of the reduction rate with increasing the reduction temperature at both initial and final stages.
Also it is observed that at the reaction temperature (800-1000 C) complete reduction was achieved while at 700 C the reaction stopped at about 43% reduction extent. The XRD pattern for the reduced product at 1000 C is shown in Fig. 5 . The peaks of metallic Fe and W were observed clearly that reflected the successful synthesis of Fe-W composite with presence of minor peaks for traces of Fe 7 W 6 phase. The average crystallite size of the synthesized Fe-W composite powder at 1000 C was 36.3 nm for W and 16.7 nm for Fe as calculated from X-ray diffraction peaks using the following Scherer's formula, 18) t ¼ 0:9=B cos B
Where t is the crystallite size, the X-ray wave length, B the angular width of the diffraction peak and is the diffraction angle.
Morphological observation of reduced WO 3 /Fe 2 O 3 compacts at lower (800 C) and higher (1000 C) reaction temperatures using SEM is shown in Fig. 6(a) and (b) respectively. It is observed that at lower reduction temperatures the Fe-W composite is synthesized in slightly deformed crystalline shape grains of different size less than 1 mm that coalesced forming relatively dense structure with presence of micropores. Comparatively at higher temperature, sever sintering was observed on the composite particles that deformed completely forming more dense structure. Also microstructure examination using optical microscope is shown in Fig. 7 . It was observed that the metallic grains for Fe and W are distributed homogenously in this composite.
Reduction kinetics and mechanisms
The apparent activation energy (Ea) of reduction was calculated at both the initial and the final reaction stages to illustrate the rate controlling mechanism depending on Arrhenius equation;
where K r is the rate constant, K o is the frequency factor, R g is the gas constant and T is the absolute temperature. The relationships between the logarithm of the rate of reduction and the reciprocal of the absolute temperature are plotted at both the initial and latter reaction stages as shown in Fig. 8 . The calculated values of the apparent activation energy obtained from these relationships at the initial and final reaction stages are 44.5 and 47.8 kJ/mole respectively. The apparent activation energy values have been calculated by many investigators in order to determine the rate controlling step. 19) The calculated activation energy values indicate that both of the initial and final reaction stages are controlled by the combined gas diffusion and interfacial chemical reaction mechanisms with more contribution for the interfacial chemical reaction mechanism. To confirm the reduction mechanism concluded from apparent activation energy values, different mathematical models for heterogeneous gas-solid reactions derived by Szekely et al. 20) were applied. The mathematical formulation for gaseous diffusion, interfacial chemical reaction, and mixed control reaction are, respectively
where t Ã is dimensionless time, X is the fractional reduction degree at a given reduction time, and 2 is the shrinking core reduction modulus. The testing of these three mathematical formulations only resulted in a set of straight lines on the application of eq. (4) at the initial and final reduction stages as shown in Figs. 9 and 10 respectively. This confirmed that the reduction of WO 3 /Fe 2 O 3 compacts with hydrogen gas is controlled by the combined gas diffusion and interfacial chemical reaction mechanisms at the initial and final reaction stages. 
Magnetic properties
The magnetic properties of reduced samples were determined in a vibrating sample magnetometer. The coercivity (H c ), saturation magnetization (M s ) and remnant magnetization (M r ) were obtained from the hysteresis loops measured at room temperature. Figure 11 shows the MHhystersis loops of synthesized Fe-W alloy at 700-1000 C. It was found that by increasing the reduction temperature from 700 to 1000 C, the coercivity (H c ) increasesd while the magnetization (M s ) values decreased gradually as shown in Fig. 12 . Namely, the Hc value increased from 86.2 to 114.4 Oe, while the Ms values decreased from 48.4 to 18.78 emu/g.
The sharp decrease in the magnetization and increase in the coercivity at increased temperatures is attributed to the increase in the extent of reduction resulting in formation of metallic particles (W) having very low magnetization. Tungsten has very low Para-magnetism with magnetic susceptibility of about 6.8. Also it is attributed to obvious 20 µ µm increasing in the grain size and sever sintering effect with particles coalescence that leads to the formation of a dense matrix. [21] [22] [23] [24] As shown above in Fig. 6 , this development in the microstructure of the synthesized Fe-W composite under the effect of reaction temperature could reflect the reason for the promotion in its magnetic behavior.
Conclusion
(1) AR grade Fe 2 O 3 and WO 3 powder was mixed thoroughly in ball mill and compacted. (2) Dried compacts were reduced in a hydrogen atmosphere at 700-1000 C. Complete reduction was achieved with the synthesis of nanocrystalline Fe-W composite powder with 36.3 nm for W and 16.7 nm for Fe. (3) The calculated activation energy values using Arrhenius equation indicated that the initial and final reduction stages are controlled by the combined gas diffusion and interfacial chemical reaction mechanisms with more contribution for the interfacial chemical reaction mechanism. The concluded mechanisms were confirmed by applying different mathematical models for heterogeneous gas-solid reactions. (4) The magnetic properties ware measured using VSM whereas the coercivity (H c ) increased while the magnetization (M s ) values decreased gradually with increasing the reaction temperature. 
